Introduction
The aim of an invisibility device is to guide light around any object put inside, being able to hide objects from sight. Here, we propose a novel design of dielectric invisibility device based on an optically isotropic material with partially negatively refracting index. Using an optical conformal mapping [1, 2] , we show that this device creates perfect invisibility. In particular, it represents an example of possible cloaking devices where the time delay is zero. Furthermore, due to impedance matching of negatively refracting materials, the waves are completely transmitted when crossing different material index borders, and consequently reflecting waves are zero [3] .
Methods
Metamaterials are man-made media where electromagnetic waves do not behave as usually expected. This is also true for the recently discovered meta-materials with negative refractive index. The use of this left-handed metamaterials makes it possible to control electromagnetic waves and design new devices with specific features. Some examples of such novel devices are perfect lens that may reflect no light. A striking property of materials with negative index is that the rays will be refracted on the same side of the normal on entering the material according to the Snell's law. Then, by taking advantage of this property, we design a novel cloaking device with two Riemann sheets.
Here, we extend the original idea of one of us [1, 2] based, on optimal conformal mapping to create dielectric invisibility devices. In this context, we suggest a new design for a cloaking device made of a combination of positive and negative refractive index materials. In [1, 2] , a dielectric medium maps a physical space z onto Riemann sheets given by an analytic function w(z). As a feature of conformal maps, the angles between coordinate lines are conserved. The mapping is performed by using the Joukowski transformation, between the physical space described by the complex field z and the analytic function w(z) that represents the mathematical space composed of two Riemann sheets and a branch cut which connects both sheets. As a result any object located at the center of physical space cannot be detected by an external observer. In other words, it seems hidden inside the Riemann sheets. Although the device proposed in [1, 2] does not generate perfect invisibility, because there are reflected waves as well as time delay caused by the device, it is possible to make these imperfections very small and achieve a good enough invisibility effect.
In general, it was believed that perfect invisibility was impossible due to the wave nature of light. Nachman's theorem [6, 7] justifies it on the propagation of waves in isotropic media. Pendry et al., [4, 5] suggested a complex and highly anisotropic media that may lead to perfect invisibility. In contrast, in this work we show that perfect invisibility in isotropic media is possible. The condition is that these materials should be partially negatively-refracting [3] . Our device is composed of five artificial dielectric materials with different values of refractive indices n and different index profiles, which are combined with one another like building blocks [3] . The cloaking device is then composed of two Riemann sheets. While the first Riemann sheet the material has refractive index n=1, the second Riemann sheet is composed of four quadrants with alternative values negative and positive refractive index profile n (see Fig.1 ). The light rays are bent and form bound orbits defined by the refractive index profiles (acting like potentials in classical fields) on the interior sheet. The existence of quadrants with different refractive index makes it possible to generate bound orbits with more relaxing constrains than suggested previously [1, 2] . By using the negative refractive index, the trajectory around branch cut points in the second Riemann sheet can be seen as a mirror-like reflection of light. But more importantly, the proposed device based on negatively refracting material represents an example where the time delay in a dielectric invisibility device is zero. Furthermore, due to impedance matching of negatively refracting materials the reflection should be zero. These findings strongly indicate that perfect invisibility with optically isotropic materials is possible [3] . The central area of the cloak is impenetrable to light coming from any angle. Thus, anything placed in that area becomes invisible when seen from a distance (see Figs.2-3 ). Fig.2 . The central area impenetrable to light is where an object can be hidden.
Conclusions
In this work, we have focused on constructing a perfect invisibility device based on isotropic media. In general, it seems that man-made negatively refractive isotropic and anisotropic media require a complex structure, but isotropic device seems easier to construct. This is especially true in the case of the highly anisotropic and complex structures suggested in [4, 5] . Furthermore, there is another reason based on theoretical foundations for considering isotropic media in invisibility device: Nachman's theorem and methods to get around it. In summary, our findings strongly indicate that perfect invisibility with isotropic materials is possible and opens new possibilities on the way to invisibility in the visible range of the spectrum.
